The development of multi-node quantum optical circuits has attracted great attention in recent years. In particular, interfacing quantum-light sources, gates and detectors on a single chip is highly desirable for the realization of large networks. In this context, fabrication techniques that enable the deterministic integration of preselected quantum-light emitters into nanophotonic elements play a key role when moving forward to circuits containing multiple emitters. Here, we present the determin-1 arXiv:1712.03837v1 [physics.app-ph] 11 Dec 2017 istic integration of an InAs quantum dot into a 50/50 multi-mode interference beamsplitter via in-situ electron beam lithography. We demonstrate the combined emittergate interface functionality by measuring triggered single-photon emission on-chip with g (2) (0) = 0.13±0.02. Due to its high patterning resolution as well as spectral and spatial control, in-situ electron beam lithography allows for integration of pre-selected quantum emitters into complex photonic systems. Being a scalable single-step approach, it paves the way towards multi-node, fully integrated quantum photonic chips.
beam lithography (EBL). The combined emitter-waveguide interface functionality is proven through an on-chip Hanbury-Brown and Twiss (HBT) experiment confirming the on-chip guiding and beamsplitting of single-photons. In this context, our in-situ electron beam lithography approach is ideally suited since it has high lateral resolution and features design flexibility enabling the patterning of complex structures aligned to pre-selected QDs.
Moreover, being a scalable, spectrally and spatially selective single-step EBL method 18, 19 it paves the way for integrating multiple semiconductor quantum emitters at a specified wavelength into large on-chip photonic networks that rely on precise spectral and spatial control of the emitters. At the same time, it is not subject to complex alignment procedures as in marker based approaches. 11, 12 Also, the in-situ EBL is conducted in a single step avoiding for instance complicated AFM tip transfer methods.
16,17
In general, on-chip quantum optical circuits comprise emitters, waveguide (WG) sections, gates and detectors. 20, 21 To show the high potential of our deterministic nanotechnology platform we deterministically integrate a QD into an on-chip 50/50 beamsplitter − the key building block for quantum gates. Hereby, we interface the emitter and beamsplitter section on a single chip. As 50/50-splitter we choose a robust multi-mode interference coupler 22 in contrast to the widely used evanescent couplers. 1, [23] [24] [25] The coupling ratio in evanescent couplers is strongly dependend on the emitter wavelength and the gap size between the coupler arms. Here, it becomes difficult to control the gap size and as a result the splitting ratio, since the etch rate during plasma etching is reduced in small gaps due to a decreased material transport. Furthermore, evanescent couplers include four bend sections (one arm) that introduce additional optical loss. In contrast to this, MMI couplers rely on the self-imaging effect.
That is, when light is launched from a single-mode access waveguide into a sufficently large multi-mode section, N -fold self-images of the access waveguide are formed at characteristic distances D N inside the multi-mode section. 26 Placing single-mode exit waveguides at the locations of these self-images allows one to realize efficient beamsplitting devices. Noteworthy, MMI couplers with tapered access and exit waveguides benefit from relaxed fabrication tolerances, with the easy-to-control width of the multi-mode section being the most crucial lithography parameter. 22 In addition, footprints of evanescent couplers and MMI couplers are of comparable sizes. Considering quantum optic circuits, MMI couplers have already been proven to enable quantum interference effects involving up to four photons. 27 Therefore, MMI couplers represent an attractive option for future realizations of quantum optical gates.
For the fabrication of our samples we adapt the layer design reported in Refs. [25, 28] (see Fig. 1 a) . The sample consists of a GaAs waveguide core and an AlGaAs cladding layer, allowing for reliable growth and straightforward processing of the sample. A low density (< 10
cm 2 ) InAs QD-layer is grown at the maximum of the expected fundamental TE waveguide mode (see Fig. 1 c) . Manufacturing w = 450 nm wide single-mode waveguides ( Fig. 1 b) by etching h = 360 nm into the GaAs, we calculate that a fraction of about β = 14 % of the QD emission is coupled into the fundamental waveguide mode at a wavelength of 900 nm, 7 % for each propagation direction, see Methods. Nanophotonic elements are defined at the location of pre-selected quantum dots using in-situ EBL: The samples are covered with a dual-tone resist 28 and mounted onto a liquid helium flow cryostat inside a scanning electron microscope (SEM), which contains a cathodoluminescence (CL) spectroscopy extension. In a first step, CL maps are recorded by scanning the electron beam over the sample at a temperature of 7 K, see 
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In order to avoid these effects, we terminate the waveguide more than 10 µm away from the emitter. The liquid helium flow cryostat causes a small sample drift of at least 14 nm per minute. 19 All EBL patterns and their respective scanning routines are optimized such that the influence of the drift is minimized and smooth transitions between all photonic structures are guaranteed. More information on the in-situ EBL technology platform is found in Methods. After the device is processed the successful integration of target QDs is evaluated and confirmed through CL maps, see Fig. 2 g. Clearly, the target QD, from now on dubbed QD1, is positioned inside the waveguide. A weak second emitter can be seen to its left. The spectral and spatial accuracy of our technique has been reported previously.
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We further characterize the deterministic QD-waveguide interface through microphotoluminescence (µPL) spectroscopy. The samples are cleaved perpendicular to the waveguide axis to allow for optical access to the waveguides from the chip facet, see is considerably higher. We attribute the propagation loss mainly to a pronounced sidewall roughness arising from our liquid helium temperature EBL manufacturing process with selfmade patterning tools. We expect improved results with professional in-situ EBL patterning machines in the future.
In order to find a design for the fabrication of MMI couplers which allows for high transmission T we perform numerical simulations of light propagation through the device. Rigorous simulations of light propagation are performed using a finite element method (FEM), see
Methods. For given waveguide cross-section we scan the width W Sim and length L Sim of the multi-mode section. Maximum transmission of T Sim = 97 % is obtained for W Sim = 6.05 µm and L Sim = 68.88 µm, which compares favourably to the bend losses in evanescent couplers. A central goal of on-chip quantum photonics is to integrate lab-sized experiments into microchips. 31, 32 To show the on-chip functionality of our deterministic QD-waveguide-MMI coupler interface, we perform an on-chip HBT experiment (detection off-chip) proving its functionality on a single-photon level. 23, 25, 33 For this, we use the device shown in Fig. 4 a and align the MO to be centered between port 1 and 2, collecting light from both exit ports simultaneously. As the two beams pass through the MO under different angles, they can be coupled into different paths on the optical table using a D-shaped pick-off mirror. Using this technique, a cross-correlation measurement between port 1 and port 2 is performed. Both −0.00 . For the pulsed case, we fit g (2) (τ ) with a model function (see supporting info S4 ) and determine g (2) (0) = 0.13 ± 0.02. Thus, triggered single-photon emission is unambiguously observed, proving the functionality of our deterministically integrated on-chip 50/50 splitter. We attribute the non-ideal multi-photon suppression to charge-carrier recapture processes 34, 35 and emission from uncorrelated background emitters in the waveguide sections.
In conclusion, we have experimentally demonstrated a scalable single-step fabrication technique for the deterministic integration of spatially and spectrally pre-selected QDs into on-chip quantum photonic device building blocks. Based on this method, we introduced a U-shaped waveguide design for the β-factor independent characterization of waveguide losses and the MMI coupler transmission. Moreover, the feasibility of MMI couplers for quantum 
METHODS

Sample growth
The QD sample is grown by molecular beam epitaxy on a (100) GaAs substrate in a modified Stranski-Krastanov mode. A GaAs buffer layer is followed by an 1 µm Al 0.4 Ga 0.6 As cladding layer, on top of which a 380 nm GaAs core layer is grown. Low density (< 10 
Device fabrication
The sample is coated with 100 nm CSAR 62 (AR-P 6200) dual-tone EBL resist, which exhibits high contrast, resolution and a favorable onset dose of 12 mC cm 2 at a temperature of 7 K. 28 Then, it is mounted onto a custom-made liquid helium flow crystat inside a Jeol JSM 840 SEM and cooled down to a temperature of 7 K. The SEM is operated at a magnification of 300x, a beam current of 0.5 nA and an acceleration voltage of 20 kV. These parameters are the best compromise for performing both CL spectroscopy and EBL in immediate succession.
The sample is excited by the electron beam and light is collected through an NA= 0.8 elliptical mirror inside the specimen chamber. Before mapping the sample, the electron beam is positioned 10 µm above the designated mapping area to adjust the light-collection optics while not exposing the resist in the area of interest. While scanning over 200 µm 2 to 400 µm 2 large regions with a step size of 500 nm, we record CL spectra using a spectrometer attached to the SEM. The electron dose during mapping is 8 mC cm 2 , which is well below the negativetone onset-dose. From the maps we extract the positions and spectra of suitable QDs. 
Supporting Information Available
Details on the MMI geometry, microscope images of the U-shaped waveguide-MMI structures for MMI transmission measurements, analysis of the MMI transmission dependent on the length L, model for pulsed g (2) (τ ) measurements A waveguide accessing a photonic element is patterned at the location of a target QD at 7 K (patterned resist becomes unsoluble). c) Soluble resist is removed during developing. Due to the proximity effect, a margin of resist around the microstructure and CL map is also soluble. d) The resist mask is transferred into the semiconductor by anisotropic etching and residual resist is removed. A CL map taken after sample processing and an exemplary MMI field distribution visualize the successful integration of the target QD into an on-chip photonic element. e) CL map before EBL patterning. Well-localized emission from the QD is observed (spectral filter from 894.3 nm to 903.7 nm, pixel size 500 nm × 500 nm). The dotted lines indicate the area of the subsequent waveguide patterning. f) False-color SEM image of the fully processed WG containing QD1. The spot over the map was used to adjust the light-collection optics for maximum CL signal. The green area indicates where the CL map was taken. g) CL map of QD1 after patterning and processing the sample. The emission of QD1 from inside the WG to the top is well resolved (spectral filter from 896 nm to 909 nm, pixel size 250 nm × 250 nm). A weak signal from a second QD can be seen on the left side. 2 ) 245 nm below the surface in the optimized MMI and taper device (dimensions not to scale). c) µPL spectra of QD1 taken from port 1 and port 2 of the device shown in a). 50/50 splitting over the whole spectrum is observed. Fig. 4 a) . Deconvoluting the data with the SPCM time resolution yields g (2) (0) = 0.00
−0.00 . b) On-chip HBT measurement under off-resonant pulsed excitation. Triggered single-photon emission is shown through this on-chip level experiment with g (2) (0) = 0.13 ± 0.02.
